Breast cancer associated proteins 1 and 2 (BRCA1, -2) and partner and localizer of BRCA2 (PALB2) 18 protein are tumor suppressors linked to a spectrum of malignancies, including breast cancer and 19
inhibiting an alternative pathway of non-homologous end joining and initiating homology-directed 46 repair (HDR) through interactions with PALB2/BRCA2/RAD51 (Prakash et al., 2015) . 
Equilibrium binding of T1 with FAM-ss49, B) equilibrium binding of PB2-573. Each data point is an 114 average of six readings from two different experiments. 115
Identification of DNA-binding residues. Since the PALB2 DNA binding is salt dependent, we 116 performed alanine scanning mutagenesis of several clusters of positively charged amino acids to 117 identify the DNA binding site in the N-DBD (Fig. S3) . 118 Figure S3 . Amino The main DNA-binding cluster is formed by amino-acids R146, R147, K148, and K149. Alanine 127 mutation of these residues reduced binding affinity by two orders of magnitude with a Kd change from 128 4.0±1.3 nM to 316±59 nM in the case of T1 and from 4.8±0.4 nM to 167±50 nM in the case of PB2-129 573 ( Fig. 2) . DNA binding was moderately affected by mutations of two other clusters, including 130 K45A/K50A, for which the Kd was increased to 28±5.2 nM (Fig. S4) we evaluated RAD51 foci formation in cells after gamma irradiation (Fig. 3A) . Endogenous PALB2 149 was depleted by siRNA and cells were transformed with either wild type PALB2 or the DNA-binding 150 mutant (Fig. 3A, bottom panel) . PALB2 depletion leads to a severe defect in RAD51 foci formation. 151 WT PALB2 restores RAD51 foci formation, while the DNA-binding PALB2 mutant restores only ~ 50% 152 of RAD51 foci formation. Therefore, mutagenesis of only four positively charged residues in PALB2 153 has a major effect on efficiency of RAD51 recruitment to DNA damage sites. (Fig S5B) . 166
Similarly, we tested the role of PALB2 interaction with DNA for the efficiency of HDR in U2OS 167 cells using a novel LMNA-Clover based assay, where DNA breaks at a specific gene are introduced 168 by the CRISPR system (Fig. S5) (Buisson et al., 2017b PALB2 stimulates RAD51 filament formation even in the absence of BRCA2 (Buisson et al., 2010) . 181
Here, we investigated the ability of the PALB2 N-DBD to stimulate the strand exchange activity of 182 RAD51 using a fluorescence-based strand exchange assay similar to the one previously published 183 ( contrast to E. coli RecA (Fig. 4B, C) . 186 RAD51 activity was stimulated by addition of 5 mM CaCl2 (Fig. S6) . Recombination mediator proteins 187 Surprisingly, the N-DBD promotes strand exchange at a comparable rate even without RAD51. 206
Reaction products were further analysed by EMSA gel shift to rule out any artefact of protein-specific 207 fluorophore quenching (Fig. 4C) . The results were confirmed using DNA with different fluorescent 208 labels (Fig. S7 ). The strand exchange activity of N-DBD was even more efficient with longer dsDNA 209 substrate (Fig. S8) . 210 Figure S7 . EMSA of N-DBD-mediated strand exchange products using Cy3-and Cy5-labeled ds35 211 . We tested the PALB2 N-DBD for similar activities. The 253 PALB2 N-DBD supported both forward and inverse strand exchange with similar efficiencies (Fig. 7B , 254 E). Furthermore, PALB2 supported both reactions with a ssRNA substrate (Figs. 7C, F) . DNA-binding 255 mutant fragment (146AAAA) did not support strand exchange on its own and in the presence of 256 RAD51 (Fig. S10) . RAD52 was shown to have different efficiency of forward and inverse reactions 257 with relatively low forward and a more efficient inverse reactions (Mazina et al., 2017 ). We did not 258 observe this difference with PALB2. The inverse strand exchange was slower than in case of RAD52 259 and comparable to that of RAD51 under optimal conditions. 260 
DNA. 212

correspondingly. 272
Mechanism of the PALB2 stimulated strand exchange. To rule out a potential effect of DNA melting 273 by PALB2, which may lead to nonspecific reannealing of a separated strands with complementary 274 ssDNA in solution, the N-DBD was incubated with dsDNA without ssDNA (Fig. S11) . The N-DBD does 275 not melt dsDNA as there was no change in fluorescence of Cy5/Iowa-ds35 upon incubation with the 276 protein, while the addition of complimentary ssDNA triggers the reaction. Moreover, the N-DBD 277 stimulates annealing of complimentary ssDNA (Fig. S12) . Therefore, the observed strand exchange 278 is is not a consequence of a nonspecific dsDNA melting by the protein. (Fig. S13) . Therefore, the simple ability of a protein to interact with ss-and dsDNA 295
is not enough to promote strand exchange and even RMPs, which stimulate the reaction by RecA 296 recombinase, do not support it in the absence of recombinase. 297 oligomeric state suggested by the size-exclusion chromatography data (Fig. S14A) . 335 interaction with dsDNA is less length dependent. We can speculate that binding of dsDNA to more 347 than one monomer in PALB2 oligomer can trigger DNA helix distortion. Indeed, bending of dsDNA 348 was observed upon PALB2 binding to 40 bp dsDNA labelled with a Cy3/Cy5 FRET pair as the 349 increase of FRET signal (Fig. S15) . Thus, PALB2 shares several specific structural and DNA 350 interaction features with both RecA/RAD51 and Rad52 proteins and supports a protein-specific strand 351 exchange reaction. 352
Figure S15. PALB2 N-DBD bends dsDNA. FRET of Cy3-ds40-Cy5 alone (initial 5 min) is changed 353 upon addition of different amounts of N-DBD (color-coded). Protein interaction does not significantly 354 change fluorescence with DNA substrates labelled by either fluorophore alone. 355
It is important to note one distinct feature of the PALB2 N-DBD: the secondary structure prediction 356 (Fig.S3) suggests a different folding of the N-DBD fragment than that of RecA-like domains or a Rad52. 357
The latter proteins are formed by / sandwich folds, while PALB2 N-DBD folding is predicted to be 358 composed of only -helices, which may form helical bundle-like structure similar to that of Hop2- NaCl, 10% Glycerol, 0.3% Brij35, 1 mM TCEP, 2 mM CHAPS and 1 mM PMSF), followed by three 384 rounds of sonication (50% output and 50% pulsar settings for 4 min). Cell debris was removed by 385 centrifugation at 30,600 x g for 45 min. Supernatant was loaded on a NiNTA column (5 ml) equilibrated 386 with binding buffer (25 mM HEPES pH 8.0, 1 M NaCl, 10% glycerol, 1 mM TCEP, 2 mM CHAPS and 387 10 mM imidazole). NiNTA beads were washed with binding buffer and the protein was eluted with 388 binding buffer supplemented with the same buffer adjusted to 250 mM imidazole. The SUMO tag was 389 cleaved with Ulp1 protease while dialyzing against buffer without imidazole (25 mM HEPES pH 8.0, 390 1 M NaCl, 10% Glycerol, 1 mM TCEP and 2 mM CHAPS) overnight and the protein was purified with 391 a second NiNTA column. The protein was diluted 10X by binding buffer without NaCl to the final NaCl 392 concertation of 100 mM, loaded to a Hi-Trap heparin affinity column (5 ml, GE health sciences) and 393 eluted with a gradient of NaCl (100 mM to 1000 mM). Protein eluted from the heparin column at ~500 394 mM NaCl concentration. Protein fractions were dialysed against storage buffer (25 mM HEPES pH 395 8.0, 300 M NaCl, 40% Glycerol, 1 mM TCEP and 2 mM CHAPS) overnight, aliquoted and stored in -396
80°C. 397
PALB2 T3 fragment was purified as described in (Buisson et al., 2010) . 2) Alternatively, human RAD51 gene was cloned into pSMT3 vector using SalI and NdeI cloning sites. 411 pSMT3-Rad51 protein expression was carried out at 16°C overnight by addition of 0.2 mM IPTG. 412 SUMO tagged Rad51 protein was purified according to the steps described for the PALB2 fragments. 413
Purified Rad51 protein was dialysed against storage buffer (25 mM HEPES pH 8.0, 300 M NaCl, 40% 414 glycerol, 1 mM TCEP and 2 mM CHAPS) overnight, aliquoted and stored in -80°C until further use. 415
Proteins from both preparations had comparable properties. Data are shown for experiments 416 performed with the second construct, except the experiment represented in Fig. S10 . 417 E. coli RecA was purified exactly as described in (Gupta et al., 2013 ). E.coli RecO and RecR proteins 418 were purified as described in (Ryzhikov and Korolev, 2012; Ryzhikov et al., 2011) . 419
Site-directed mutagenesis: Target amino acids were mutated by site directed mutagenesis of using 420
Stratagene QuikChange TM protocol. Single, double, triple and four residues mutants were generated 421 by single stranded synthesFis (Table S1 ). PCR samples were subjected to DpnI digestion at 37°C for 422 6 h and annealed gradually by reducing temperature from 95°C to 37°C for an hour with a degree 1C 423 drop per min. DpnI treated PCR samples were transformed into chemically competent OmniMAX cells 424 (ThermoFischer). Mutations were confirmed by sequencing and plasmids were transformed into 425 BL21(DE) cells. The PALB2 573 AAAA mutant was generated as described for PALB2 T1. Mutant 426 proteins were expressed and purified exactly as described for wild type fragments. 427 DNA binding assay: Fluorescence anisotropy experiments were carried out at room temperature 428 with 5 nM fluorescein (6FAM)-labelled DNA substrates (Table S2) Table  443 S3) and a 90mer ssDNA (ss90) with homologous region to plus strand. Alternatively, FAM/Dabsyl 49 444 bp DNA was used. For the forward reaction, ss90 (100 nM) was incubated with 2 M (or as mentioned 445 in the figure legends) protein for 10 min in 40 L reaction buffer (40 mM HEPES pH 7.5, 20 mM NaCl, 446 5 mM MgCl2, 1 mM TCEP and 0.02 % Tween 20) at 37°C. Strand exchange was initiated by addition 447 of 100 nM 35bp dsDNA (ds35), plate was immediately placed in plate reader and the intensity of Cy5 448 fluorescence was measured at 30 sec intervals for 1 hour with excitation at 635 nm and emission at 449 680 nm. For reactions with RecA and Rad51, an ATP regeneration system (2 mM ATP, 30 mM 450 phosphoenol pyruvate and 30 U of pyruvate kinase) was used (Sigma-Aldrich, USA). For the inverse 451 reaction, protein was incubated with Cy5/IOWA-dsDNA35 substrate and reaction was initiated by 452 addition of ss90. The strand exchange assay with an ssRNA substrate was performed as described 453 above using a 60 ribonucleotide RNA (table S1) complimentary to that of 35bp DNA. Alternatively, 454
Cy3-and Cy5-labelled DNA oligonucleotides were used to prepare dsDNA substrate and the products 455 were analysed by EMSA PAGE (below). 456 EMSA PAGE. Fluorescent-labelled DNA products of strand exchange reactions were also analysed 457 on EMSA PAGE. After fluorescence measurement on plate reader, the final reaction mix (80 l) 458 products were deproteinated by incubation with proteinase K (0.5 mg/ml) with 0.5 mM EDTA and 1% 459 w/v SDS for 20 min at 37°C and the DNA fragments were separated on 10% PAGE gel in TBE buffer. 460
The gel was imaged using a Typhoon 9400 image scanner (GE) and analysed with ImageJ software. 461 FRET assay: FRET assay was performed in 96 well plate format. 100 nM of dual labelled dT70 (Cy5 462 at 5' end and Cy3 at 3' end) was dispensed into 80 L assay buffer identical to those in strand 463 exchange assay (Table 3) . Alternatively, dual labelled 40 bp DNA was prepared by annealing dual 464 labelled 40 nt ssDNA (Cy3 and Cy5 on single strand) with unlabelled complimentary 40 nt ssDNA 465 (Table 3) . Excitation was at 540/25nm bandpass. Emission for both Cy3 at 590/35nm bandpass and 466
Cy5 at 680/30 nm were monitored at 30 s intervals for 5 min at 37°C, then for 10 min following the 467 addition of PALB2 N-DBD, then for 10 min following the addition of RAD51 with or without ATP. FRET 468 efficiency was calculated by using the formula = 5 (
. For each addition, the plate was 469 removed from the plate reader and returned to the reader within 60 s. Protein concentrations were as 470 described in the figure legends. 471 RAD51 foci assay: HeLa cells were seeded on glass coverslips in 6-well plates at 225 000 cells per 472 well. Knockdown of PALB2 was performed 18 hours later with 50 nM PALB2 siRNA (Table S4) 
using 473
Lipofectamine RNAiMAX (Invitrogen). After 5 hours, cells were subjected to double thymidine block. 474
Briefly, cells were treated with 2 mM thymidine for 18 hours and released after changing the media. representing SEM, and a classical one-way Anova test was performed. 507
Plasmids and siRNA 508
peYFP-C1-PALB2 was modified to be resistant to PALB2 siRNA by Q5 Site-Directed Mutagenesis Kit 509 (NEB, E0554) using primers JYM3892/3893 (Table S4 ). The resulting siRNA-resistant construct was 510 then used as a template to generate the mutant construct YFP-PALB2 146AAAA with the primers 511 JYM3909/JYM3910. Flag-tagged PALB2 146AAAA mutant was also obtained via site-directed 512 mutagenesis on pcDNA3-Flag PALB2 (Pauty et al., 2017) . Institute of Health. 526 Table S1 . Primers for DNA binding site mutagenesis. RK146AA F  ACT GCC GAG CGC TCG TGC AAA ACA ACA AAA GC   RK146AA R  GCT TTT GTT GTT TTG CAC GAG CGC TCG GCA GT   RK147AA F  ACT GCC GAG CCG TGC TAA AGC ACA ACA AAA GC   RK147AA R  GCT TTT GTT GTG CTT TAG CAC GGC TCG GCA Table S3 . Substrates for strand exchange activity and FRET assays. Figure S14
Mutation Sequence
Figure S15
